We present a technique that greatly improves the precision in measuring temporal variations of crustal velocities using an earthquake doublet, or pair of microearthquakes that have nearly identical waveforms and the same hypocenter and magnitude but occur on different dates. We compute differences in arrival times between seismograms recorded at the same station in the freqency domain by cross correlation of short windows of signal. A moving-window analysis of the entire seismograms, including the coda, gives g(t), the difference in arrival times versus running time along the seismogram. The time resolution of the method is an order of magnitude better than the digitization interval. The g(t) technique is illustrated with a pair of microearthquakes, M = 1.7 and 2.0, that occurred before and after the Coyote Lake, California, earthquake (M = 5.9) of August 6, 1979, and on the same segment of the Calaveras fault that ruptured during the earthquake. The coda wave arrivals for some stations are progressively delayed for the second earthquake in the doublet, so that its seismogram appears as a stretched version of the earlier event. We interpret this systematic variation in 6(t) along the coda as a change in the average S velocity in the upper crust in the time interval between the two doublets. S wave velocities appear to have decreased by 0.2% in an oblong region 5-10 km in radius at the south end of the aftershock zone.
INTRODUCTION
The possibility that earthquakes can be accurately forecast directly from the measurement of variations in wave velocity [Seinenov, 1969; Nut, 1972] stimulated considerable interest and work on the problem of making accurate, repeatable measurements of travel times in the crust. Early measurements of Vp/Vs ratios suggested velocity changes of up to 5% preceding M --4 earthquakes (see Lukk and Nersesov [1978] and Rikitake [1976] for a review). However, recent studies, particularly on the San Andreas fault, have demonstrated that if any change precedes strike-slip earthquakes, it is much smaller than 1% [Boore et al., 1975 In this paper we will show that a microearthquake doublet (i.e., pair of similar earthquakes) is a very convenient source for seismic velocity monitoring that allows very accurate timing measurements. Since doublets are situated inside the active seismic zone, they also provide more direct sampling of Copyright 1984 by the American Geophysical Union.
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We demonstrate an accuracy of about 1 ms in the measurement of differential travel times, which is 10-50 times better than previously achieved with natural earthquakes. In our technique for analyzing doublets we can also make use of information in the coda. Coda waves are perhaps the most sensitive to velocity variations, since they are believed to consist mainly of S waves scattered along numerous paths through the crust. In a previous study [Poupinet et al., 1982] , differential P wave travel times recorded by the U.S. Geological Survey (USGS) central California seismographic network (Calnet) were measured with a precision of 4 ms, using a crosscorrelation method. A similar method of analysis was also used by Nakamura [1978] in his study of deep moonquakes.
DOUBLETS
In large collections of microearthquakes, events with very similar waveforms are observed. They seem to originate from the same location, and Geller and Mueller [1980] have postulated that they are the expression of stress release on the same part of the fault. We call such nearby earthquakes a doublet when their waveforms are nearly identical. If the seismograms of the doublet are identical, this would require not only that the source processes are identical (hypocenter and moment tensor) but also that the medium properties (velocity, aneulastic attenuation, scattering) are also invariant. To search for possible temporal variations of crustal properties, we select doublets that occur on different dates.
Here we study two events located on the section of the Calaveras fault that ruptured during the M--5. tip of the aftershock zone of the Coyote Lake earthquake. The first shock preceded the main shock by 14 months and the second followed it by 7 months. Their magnitudes are 1.7 and 2.0, and they were recorded by 24 seismic stations within a radius of 30 km.
The seismograms for each event were detected by the shortperiod (1 Hz) vertical seismometers in Calnet (Figure 1) and were transmitted by telephone line to Menlo Park as frequency-modulated, multiplexed, analog signals, where they were recorded on magnetic tape [Eaton, 1977] . A critical feature of the data collection system for our purposes is the recording of up to eight channels as well as time codes on each of 14 tape tracks on a single tape which we shall use to minimize timing errors of individual traces. Before discussing the results of this analysis, we must assess the uncertainties introduced during the data acquisition process. As we compute arrival time differences, an observed change could be caused by a variation of the instrumental delays in the seismic system between the two earthquakes and not by a change in the earth. are recorded continously on high-quality magnetic tapes with an accurate time code (IRIG E) and a reference sinuosid added on each track. Later, they are copied onto another tape containing all the local events. Eventually, the signal is read from the dubbed tape, demultiplexed, demodulated, and digitized. Each time a tape drive is used (4 times for one earthquake), a speed error due to capstan vibrations and long-term speed drift is added to the signal, slightly modifying the time 
Errors Without Drift
The response curves of the different instruments (seismometers, amplifiers, modulators) are carefully matched before installation in the field and should not vary by more than a few percent between any given pair of instruments [Healy and O'Neill, 1977] . Such variations should not change the results significantly, but they are the most difficult source of uncertainty to eliminate. In Table 1 we identify the instrumental changes that were made between 1978 and 1980. The digitization equipment and procedures have remained constant during all the digitization process, thus avoiding any uncertainty about this part of the data acquisition (both events were digitized on the same day). Nevertheless, some stations had to be digitized through a different analog to digital (A/D) channel as the digitizer, driven by the Eclipse computer, digitizes 32 channels (i.e., stations) at a time, the 32 channels are scanned in 0.007 s, but are supposed by the computer to correspond to the same time. Hence if a given station is digitized through two different channels for the two earthquakes, we have to correct the delay by 0.007*(N1-N2)/31, where N1 and N2 are the digitization channel numbers. We call this error the digitization skew error. The linearity of this error versus channel number has been demonstrated by cross-correlating a common signal digitized through all the channels: it is constant within 0.0001 s. After all tape speed and skew corrections have been applied, we believe that the residual time base variations are no larger than about 0.1-0.5 ms.
Finally, we have to check for a possible change of telephone line delay. This change would be common for all eight stations that are multiplexed on the same line and should be easy to observed in P wave arrival time differences for the complete station set. However, the small scatter in P delay (see below) A plot of the time delay rS(t) as a function of running time along the seismogram is presented in Figure 6 .
From the delay time plots we measure first the absolute time difference between P waves and determine the relative location of both earthquakes. Then, we use the variation in the delay as a function of the running time along the seismogram to recover information on shear waves.
P Wave Delays and Relocation
The P wave delays are computed with a window beginning at the P wave onset. These P delays listed in Table 1 be expected to occur near a shear fault. In theory a perfect doublet would be the seismological tool to test Nur's [1971] hypothesis and a stress change at depth should be reflected in the diagram giving the P times delays as a function of azimuth. If any P velocity anisotropy in the crust changed between 1978 and 1980, it is too small to be detected by our data: it is smaller than 1 ms. Imperfect doublets may also produce a sin (2x azimuth) residual pattern under certain conditions, such as a fault that juxtaposes material with different 5121 -hf'ev 780615010 hcav 780615010  , , , , , , , , , , , , , ,,, , A localized velocity change in the vicinity of one station can also be measured in this analysis even if it is a isotropic velocity change. Station HKR is the most anomalous in Table 1 The first part of the seismogram, the P coda, is essentially P and P to S converted phases. The later part of the seismogram, the coda, is a superposition of S body waves scattered by velocity heterogeneities randomly distributed in the crust [Aki and Chouet, 1975; Chouet, 1979] and the doublet's epicenter bracket the earthquake, no velocity change is observed. Given these observations of a significant change in coda wave arrival times, which we interpret as a S velocity change, let us examine its possible explanations.
We believe that all of the evidence that we have compiled supports the conclusion that we are observing a geophysical effect and not an artifact produced by the data collection, transmission, recording, and playback system. Similarly, the effects are large enough that they can be directly observed in the seismograms and thus are not an artifact of our analysis procedures. Among the suite of physical explanations for the change, we consider here but two that might be responsible for the observations: a tectonic stress change and a change in the water table. We feel that either mechanism could conceivably produce localized velocity variations of the order that are observed but that a tectonic change represents the most likely explanation for the regional change. However, since the propagation mode and average depth of propagation of the coda waves is not known in detail, an unambiguous identification of the mechanism(s) cannot be made at this time.
Release of tectonic stress in the Coyote Lake earthquake is one possible tectonic mechanism that could produce a S velocity change of the order of 0.1%. Moos and Zoback [1984] have reported laboratory and in situ values for (dVs/Vs)/dP of 5-10 x 10-'•/bar at depths above 5 km. The regional stress change produced by the Coyote Lake earthquake and its afterslip, though not known in detail, is of the order of magnitude of 1 bar. For example, if the stress drop of the earthquake were uniformly distributed on a 20-km-long by 10-kmdeep surface, the stress drop would be 1.8 bars. Furthermore, postearthquake measurement of geodetic displacements in the region [King et al., 1981] showed that sympathetic displace-Water table not withstanding, we do find it remarkable that the region with a velocity change of 0.05% covers both mountainous regions as well as sedimentary troughs.
CONCLUSION
We have presented a technique that improves the precision in measuring temporal variations of the velocity of body waves using data from microearthquake networks. In the 6(0 doublet technique, the time delay 6(t) is plotted as a function of the running time along the seismogram, and we compute the fractional change in S velocity from the slope of •(t). This technique is applied to a doublet that spans in time the Coyote Lake earthquake and is located on the segment of the Calaveras fault that ruptured during the main shock. No P velocity anisotropy change is observable between 1978 and 1980 within the error limits of 1 ms. A change of S velocity, A Vs/Vs = 0.002 is detected in a small region near the southern tip of the rupture zone. This may reflect a decrease in stress or a change in crustal properties in that region following or more likely associated with the Coyote Lake earthquake or seasonal variations in groundwater conditions. This technique can easily be applied to data from other seismographic networks, provided that the time base is sufficiently stable. A change of the order of 0.1% in S velocity should be detectable on most single seismographic stations.
An accurate digital recording system could monitor changes in P and S velocity of the order of 0.01%.
